From September 2003 to December 2007, autonomous, underwater Seaglider continuously ran a V-shaped transect off Washington State from about 200-m water depth (i.e., at the break between the shelf and slope) to offshore waters with depths .2700 m. Seaglider visited the offshore vertex at 47uN, 128uW, where our observations concentrated, approximately monthly. Seaglider measured temperature, conductivity, and dissolved oxygen to 1000 m and also recorded chlorophyll a (Chl a) fluorescence and particulate optical backscatter to 150 m. Distinct interannual variation was documented in timing and depths of winter mixing, transition to a shallow summer pycnocline, and onset of mixed-layer erosion in autumn. Chl a concentrations estimated from fluorescence were directly comparable among the seven laboratory-calibrated sensors used, but their estimates exceeded concurrent, satellite-derived concentrations by a factor of three. Seaglider optical profiles enabled interpretation of satellite imagery by revealing that the apparent autumn bloom after destratification was instead a vertical redistribution of phytoplankton from the subsurface maximum to a depth where they could be observed by satellites. Results of 4 yr of sampling within 25 km of the vertex demonstrate the value of gliders in ocean observing and their capability to carry out multiyear, fully autonomous operations under any sea state. The true power of glider programs will be realized in combination with other measurement platforms, including larger spatial coverage by satellites and more comprehensive biogeochemical measurements from moorings and occasional ship-based sampling.
Subsurface chlorophyll a (Chl a) maxima are ubiquitous in the global ocean (Cullen 1982) . In subtropical oceans these maxima are deep, persisting throughout most of the year, whereas in temperate waters they are shallower, forming in late spring and disappearing in autumn (Anderson 1969) . Subsurface Chl a maxima have been characterized as distinct vertical layers with concentrations of Chl a significantly higher than in surface waters, detected either with extracts of Chl a from bottle samples or by continuous profiles of in vivo Chl a fluorescence. One partial explanation for these subsurface layers is that they reflect increased cellular concentrations of Chl a and other photosynthetic pigments as physiological adaptations to the very low irradiances at the base of the euphotic zone (Steele 1964) . In subtropical oceans this adaptation may explain a substantial fraction of the Chl a maximum. Here waters are highly stratified, and euphotic zones and nutriclines are deep (100 m). Subsurface Chl a maxima are often separated spatially (tens of meters deeper) from particle maxima as determined from particle counts or optical scattering measurements (cf. Fennel and Boss 2003; Hodges and Rudnick 2004 ; and references cited therein), suggesting that the deep Chl a maxima may not be significant biomass maxima. Enhanced cellular Chl a concentration at depth, however, is not the only explanation for subsurface Chl a maxima (Cullen 1982) . For example, conditions in temperate waters contrast sharply with those in the subtropics. Summer maxima are much shallower (50 m), with minimal offsets between particle and Chl a maxima; here subsurface Chl a maxima are also biomass maxima. In addition, they are hot spots of primary productivity; Anderson (1969) measured significant rates of primary production in 14 C-carbon-labeling experiments and attributed maintenance of these subsurface maxima to local growth.
As described by Anderson (1969) from ship-based observations off Oregon and Washington, the subsurface Chl a maximum there is a characteristic feature in summer, extending more than 1000 km off the coast. The layer forms after the phytoplankton spring bloom depletes nitrate from surface waters, and thermal stratification prevents replenishment of nutrients from below. Lacking nutrients, the surface bloom collapses and surface phytoplankton concentrations decrease, thereby allowing light to penetrate deeper into the water column. Just below the seasonal pycnocline where nitricline depths are shallow and nitrate gradients steep, this increased penetration of light allows phytoplankton to grow. By early summer, the maximum is fully developed; as summer progresses, a zone of oxygen supersaturation develops just below the seasonal pycnocline as a consequence of net photosynthesis in the subsurface Chl a maximum (cf. Shulenberger and Reid 1981) .
The widespread distribution and colocation of subsurface Chl a maxima and layers of oxygen supersaturation in the northeast Pacific between 35 and 45uN suggest that these phytoplankton layers contribute significantly to regional primary productivity and the seasonal cycle of oxygen in the upper ocean (Anderson 1969 ). An important question is how interannual variability-associated either with major shifts in water-mass composition (cf. Huyer 2003) , major basin-scale oscillations (e.g., the El Niñ oSouthern Oscillation and Pacific Decadal Oscillation), or secular trends of climate change-affects biological phenomena such as the subsurface Chl a maximum and its associated contribution to regional primary productivity. Detecting real change can be difficult with sparse and unevenly spaced, ship-based observations. Recent development and rapid maturation of underwater gliders has enabled long-term, autonomous observations of fundamental variables in the ocean, such as temperature, salinity, oxygen, Chl a, and particle concentration, and assessments of how they change over time. In this paper we report more than 4 yr of continuous, autonomous observations with an underwater glider program in deep waters off Washington State; discuss current challenges with optical sensor interpretation; and show how interannual variability in depth and timing of transitions of the seasonal pycnocline affects timing of spring blooms and subsequent evolution and eventual fall demise of the subsurface Chl a maximum.
Methods
Seaglider sampling-Seagliders are long-range, autonomous, underwater gliders that sample to 1000 m in a sawtooth pattern (Eriksen et al. 2001) . Since September 2003 Seagliders have been running a V-shaped transect (approximately 450 km long) off the Washington coast (Fig. 1) . The transect begins at the break between the shelf and slope and extends beyond the slope into waters with depths exceeding 2700 m. Completion of one V-shaped transect takes Seaglider an average of 30 d (approx. 3 dives d 21 with 5-km spacing between dives), with a typical deployment lasting 5 or 6 months. This paper focuses on data collected within 25 km of the offshore terminus of the V at 47uN, 128uW. In addition to a single visit in Seaglider measures temperature (Sea-Bird Electronics custom sensor), pressure (Paine Corporation 211-75-710-05 1500PSIA), unpumped conductivity for salinity (Sea-Bird Electronics custom sensor) and dissolved oxygen (Sea-Bird Electronics 43F Clark-type oxygen electrode), Chl a fluorescence and particulate optical backscatter (WET Labs custom ECO-BB2F developed specifically for Seaglider), and global positioning system location. Optical sensors were turned off below 150 m to save power. Data were transmitted via the Iridium satellite communication network at the end of each dive cycle. Data from both dive and climb profiles were used, although climb profiles were more highly resolved near the surface because ascent is slower than descent. Descent speeds were as high as 0.3 m s 21 within the surface mixed layer and slowed to as little as 0.06 m s 21 near 1-km depth. Ascent speeds were 0.06-0.10 m s 21 . In the upper 150 m, typical vertical sampling resolution during ascent was 0.48 m and during descent, 0.85 m.
Over the 4-yr sampling period, a total of four Seagliders, five temperature and salinity sensors, five oxygen sensors, and seven ECO-BB2F sensors were used. Temperature sensors were calibrated annually and are inherently stable; hence use of different sensors should not present a challenge. Conductivity sensors were calibrated at the same frequency as the temperature sensors. Unlike the configuration used on a conventional Seabird CTD, Seaglider conductivity cells operate without pumps to conserve battery power, relying on vehicle motion to flush seawater through the sensor. Flushing rate depends on glider attitude and velocity and thus varies over the course of a dive cycle, making conductivity sensor response more difficult to characterize and correct than in a conventionally pumped conductivity-temperature-depth system. Although improved corrections for Seaglider conductivity sensor response are under development (Eriksen unpubl.) , the flow-speed corrections applied here did not entirely eliminate artifacts. After lag and thermal inertia corrections, the few remaining salinity spikes were removed and the resulting data averaged as described below.
Oxygen sensors were calibrated annually but are known to drift with time and use. The oxygen sensor is also operated without a pump and has problems similar to conductivity, with variable flow across the membrane adding additional uncertainty to the measurement. One approach to constraining oxygen concentration would be to use a stable, deep-water measurement; however, oxygen concentrations in this region of the northeastern Pacific oxygen minimum zone are close to zero at 1000 m (Kamykowski and Zentara 1990) and deep-water values exhibit some seasonality (unpubl. Seaglider data). Hence, an alternative approach was chosen on the basis of the assumption that, if near-surface waters were well ventilated, percentage oxygen saturation values should be close to 100% at the surface. We independently scaled each oxygen profile by a constant value to force oxygen saturation values in the upper 10 m to equal 100%. Spikes were removed and data averaged as for salinity. If surface waters were supersaturated, as may occur during a bloom, our results would be underestimates of true oxygen concentrations. However, the general pattern shows trends consistent with ship-based measurements in this region (Anderson 1969) .
Chl a fluorescence is a proxy for concentration of the pigment; excitation was at 470 nm with emission measured at 682 nm. Optical backscatter of particles (a proxy for particle concentration), determined from total backscatter minus the contribution from water, was measured at two wavelengths and is reported as b bp (470) and b bp (700); as the patterns are similar in this paper we report only b bp (700) and refer to it as particulate backscatter. At recovery the optical face of the fluorescence-backscatter sensor appeared clean, with little to no fouling, most likely because the glider is deployed seaward of the biologically rich shelf, spent little time in the euphotic zone (,5%), and most time at low temperatures and high pressures. Instrument performance was consistent and stable across deployments with ,2% change in light-emitting diode (LED) intensity at a given temperature (assessed using internal LED reference detectors); deep-water counts were also stable over each mission. The average clearest deep-water value at 150 m measured for an individual sensor was subtracted as background from all optical measurements for that sensor. The manufacturer's calibrations were applied to convert digital fluorescence counts minus background to Chl a concentration (mg m 23 ) and digital optical backscatter counts minus background to particulate backscatter coefficients (m 21 ). We used only nighttime fluorescence measurements in this paper because of variable reductions in fluorescence in daytime due to fluorescence quenching (Falkowski and Kiefer 1985; Cullen and Lewis 1995; Sackmann 2007 ).
Data analysis-For each visit to the offshore terminus of the Seaglider transect, a monthly median profile was computed for data from each sensor; analyses were restricted to profiles collected within 25 km of the terminus. The goal of this analysis was not to identify variability within the several-day sampling period, but rather to identify seasonal and interannual changes. Therefore, monthly median profiles were created by first binning profile data from each dive-climb pair into 10-m bins with 50% overlap between bins to produce a single, smoothed profile at 5-m resolution and then calculating a monthly median from this collection of profiles. Pooling all data from the sampling period produced similar results. The monthly median profiles were used to construct the corresponding time-depth diagrams for each data set and to compute averaged values for a specific depth range (typically 0-10 m for surface averages and 0-100 m for depth-averaged values). An objective estimate of pycnocline depth was computed from each monthly median profile by locating the position of the maximum vertical gradient in density within the upper water column. (Fig. 2) . Variability among individual profiles within a single monthly visitation was due to internal waves and some spatial heterogeneity in water mass composition along the 50-km section of the transect. The rationale for averaging the data from each monthly sampling was to produce an average record for identifying seasonal and interannual changes, rather than to focus on variability within a 3-day sampling period.
Time-depth plots of temperature, salinity, and density to 300 m ( Fig. 3A -C) were generated from monthly median profiles. Percentage saturation of dissolved oxygen, Chl a concentration, and particulate optical backscatter coefficients were scaled to 150 m to better visualize their patterns ( Fig. 3D-F ) and because the optical sensors were turned off below this depth to conserve batteries. Variations in the optical signal were restricted largely to the upper 100 m (with the exception of occasional encounters with detached nepheloid layers over the slope and some indications of other, with both varying seasonally and interannually (Fig. 4B,C) . The spring bloom in near-surface waters always coincided with the transition to shallow, summer pycnoclines, with the bloom evident in both Seaglider Chl a and particulate backscatter. In early 2004, there was a small increase at the surface in both Chl a and particulate backscatter, associated with an early and temporary shallowing of the pycnocline. This event led to higher prebloom Chl a concentrations in both the surface and deeper water, although the actual spring bloom did not occur until permanent establishment of the summer pycnocline. Every year in the month after the spring bloom, both Seaglider surface Chl a and particulate backscattering decreased from their maximal spring bloom values.
Seaglider Chl a and particulate backscatter averaged to 100 m showed similar patterns of minimal concentrations late in the year and higher values in late spring and summer (Fig. 4E,F) , although they were less tightly coupled in comparison with surface Chl a and particulate backscatter. Surface and depth-averaged Chl a concentration (Fig. 4B,E) both peaked during the spring transition to a shallow mixed layer, but the spring increase in depthaveraged Chl a appeared to slightly precede the surface bloom (in all years except 2006) and last longer. In 2006, the winter mixed layer was deep and restratification occurred early, leading to synchronized timing of the bloom at all depths.
Summer pycnoclines began to erode in late summer and early autumn; erosion of the pycnocline occurred early in 2006, whereas in 2004 and 2005 shallow pycnoclines persisted into October. In most years, erosion of the shallow pycnocline appeared to be accompanied by an autumn surface bloom. The pace and depth of pycnocline erosion differed substantially from year to year. As the mixed layer deepened from September through December, the distinct subsurface Chl a layers evident in both September 2003 and 2004 disappeared as phytoplankton and particles became more dispersed throughout the upper 100 m (Fig. 2) . SeaWiFS satellite ocean color images from early September 2003 and late October 2003 correspond, respectively, to periods when a distinct subsurface layer existed (Fig. 5A ) and after the layer had been dispersed throughout the upper mixed layer (Fig. 5B) . Phytoplankton remained mostly dispersed throughout the mixed layer until early spring, when irradiance increased and the process of restratification began.
Ocean color satellite data from this offshore region are sparse because of persistent cloud cover; fewer than three clear days per month are typically observed between April and September, with even fewer days in late autumn and winter (Sackmann et al. 2004) . Satellite estimates of 8-d averaged Chl a (Fig. 4D ) did not show strong agreement with the temporal pattern of Seaglider Chl a (Fig. 6A) . Although a distinct peak in satellite Chl a coinciding with the spring transition as identified by Seaglider was always present, concentrations of satellite Chl a equal or higher to that peak were present outside the bloom periods as identified by Seaglider. In 2007 a distinct autumn bloom was observed in both Seaglider and satellite data. Seven different optical sensors were used during the 4 yr of Seaglider missions (sensor number appears as a bar over (Fig. 6A, n 5 42) . For Seaglider particulate backscatter coefficients vs. Seaglider Chl a in the upper 10 m, r 5 0.68* ( Fig. 6B ; n 5 50); for values averaged over the upper 100 m, r 5 0.50*. For type II regressions, x-intercepts for Seaglider particulate backscatter coefficients vs. Chl a were positive, equaling (2.79 and 2.59) 3 10 24 m 21 for 0-10 and 0-100 m, respectively. Both were significantly different from zero, indicating that a portion of the particulate backscatter was not associated with phytoplankton.
Discussion
Challenges to autonomous sampling-Sampling by autonomous platforms that operate over long periods, such as Washington coast Seagliders or biogeochemical ARGO (Array for Real-time Geostrophic Oceanography) floats (cf. Boss et al. 2008 and Martz et al., 2008) , present challenges for collection of high-quality data. Major challenges for gliders include sensor validation and data interpretation, in part a consequence of restricted battery energy. Sensors can drift or foul, sensor configuration or location on the platform may not always be optimal, collection of water samples to validate actual concentrations is usually not possible for completely autonomous missions, and comparison of data from different optical sensors can be problematic for several reasons. In our case, Seagliders have been operating in Washington coastal waters nearly continuously for more than 4 yr, with a single deployment typically lasting 5-6 months. Sensors do not appear fouled even after the longest missions, most likely because Seaglider spends a small fraction of its time in biologically rich, near-surface waters and temperatures are relatively low even in near-surface waters.
One trade-off that affects data quality is mission length vs. energy consumption by sensors, for example, for pumping conductivity and oxygen sensors. Another tradeoff is sensor size vs. power consumption; the small optical sensors used on Seaglider consume little power but rely on proxy relationships to biogeochemical variables, i.e., Chl a fluorescence for Chl a concentration, itself a proxy for phytoplankton biomass. The success of Seaglider in operating for many months at a time and within different biogeographical provinces, i.e., coastal upwelling and offshore oceanic regimes (Fig. 1) , also presents a challenge for collection of ''ground truth'' data to validate both sensor calibration and proxy relationships. Seaglider is launched from a small boat at the shelf-slope break within the upwelling regime and is recovered typically 5-6 months later. Even if samples are collected at launch and recovery, two data points from a single regime (in our case remote from the site of interest) are of limited utility for ground truthing.
A future challenge for autonomous sampling is to remove some of the restrictions of limited energy budgets and sensor size to enable more comprehensive sensors. The current challenge is data interpretation within existing constraints, some of which can be alleviated by sampling in conjunction with other platforms-satellites, moorings, floats, and ships. Here we show how Seaglider operating alone can document interannual changes in the timing of water-column stratification and the consequences for timing of the spring bloom. We also show how Seaglider, in conjunction with ocean color satellite imagery, can distinguish true blooms from vertical redistribution of phytoplankton during autumn destratification.
Conductivity and oxygen-Neither salinity nor oxygen sensors are configured with a pump because of the high power requirement for pumping; hence, flushing rate of both sensors varies over the dive cycle. In regions of strong vertical gradients, flow-related sensor lags (Horne and Toole 1980; Morrison et al. 1994 ) and thermal inertia (Lueck and Picklo 1990) introduce spiking and hysteresis into the measured profile. As described in the Methods, data processing and averaging are used to remove salinity spikes as well as effects of internal waves, resulting in profiles that agree with historical data ( Fig. 3B ; Landry and Hickey 1989) . Similar data averaging is used to remove oxygen spikes. The effect of drift in oxygen sensors is removed by vicarious calibration; for every profile, surface oxygen concentration is forced to equal 100% saturation at ambient surface temperature and salinity. If surface waters are supersaturated because of a surface bloom, this approach may yield underestimations of oxygen concentration. However, the resulting profiles of oxygen concentration and percentage saturation, including supersaturation associated with the subsurface Chl a maxima in summer, resemble those previously reported in this region ( Fig. 3D; Anderson 1969) . Until battery capacity significantly improves, a trade-off will continue between pumping conductivity and oxygen sensors vs. duration of a glider mission.
Comparison of data among optical sensors-Seven different optical sensors were used during Seaglider missions, some sensors in multiple missions (see numbers over Fig. 4A and description of sensor transition schedule in Fig. 4 caption) . Although all sensors were calibrated in the factory according to the same protocol, a concern is how well estimates of Seaglider Chl a and backscatter from different sensors can be compared with each other. We addressed this issue by comparing measurements when sensors were transitioned, i.e., how well did data from the last measurement from one sensor compare with the first measurement from its replacement. With the exception of the spring bloom and autumn overturn, month-to-month changes in optical properties as measured by a single sensor are relatively small. With only two exceptions, differences in the measurements before and after sensor transition were also small; this pattern is true for both 0-10-m and 0-100-m averages (Fig. 4B,C,E,F) . The two exceptions were JuneJuly 2004 when the sensor transition occurred immediately after the spring bloom and autumn 2005 when the sensor transition bracketed destratification. We believe that differences in Chl a concentrations are real for the June-July 2004 sensor transition because the large decrease in Chl a after the spring bloom is consistent with the pattern from other years when there were no sensor transitions immediately after the bloom. The June-July 2004 pattern is also consistent with a postbloom decrease in satellite Chl a (Fig. 4D) . These results suggest that the calibration of the optical sensors is sufficiently robust to allow a comparison of relative measurement among sensors.
The second approach to addressing how well optical measurements compare among sensors is through analysis of Chl a fluorescence vs. particulate backscatter. If the calibration of a specific sensor is poor, we would expect it to deviate from a regression of all Chl a vs. particulate backscatter measurements; if calibration is reasonable, there should be no systematic variation, and data points should be randomly distributed about the regression line (Fig. 6B) . Our assumptions are as follows. (1) Seaglider measurements of Chl a and optical backscatter are independent. Although light sources and detectors for fluorescence and backscatter are physically colocated on the ECO-BB2F sensors, the separate calibration protocols make each sensor independent of the other. (2) Particulate backscatter in offshore waters is typically correlated with Chl a, although there is a nonzero backscatter intercept (Stramski et al. 2004; Boss et al. 2008) . Our intercept for particulate backscattering (,0.0003 m 21 ) is close to, although slightly higher than, that of the 900-m values of Boss et al. (2008) in the Labrador Sea. (3) Restriction of analysis for purposes of sensor evaluation to 0-10 m reduces variability in the Chl a-to-backscatter ratio at depth resulting from phytoplankton photoadaptation (increased ratio) and senescent cells and detrital material (decreased ratio); nighttime measurements minimize effects of photoquenching. Linear correlation between monthly medians for all seven sensors shows substantial agreement between Chl a and particulate backscatter coefficients (r 5 0.68*; Fig. 6B ). Although confidence limits for the type II regression and for estimates of one variable from the other at any point along the line are broad, it is clearly possible to resolve high from low values through the regression. Together with the comparisons for sensor transitions, these results suggest that relative magnitudes of Chl a and particulate backscatter can be compared among different sensors. The agreement of our particulate backscatter intercept with measurements by Boss et al. (2008) in clear, deep water also suggests that the factory calibration coefficient for particulate backscattering is correct.
Comparison of estimates of Chl a from Seaglider and ocean color satellite-When comparing satellite estimates of Chl a with data from a fluorometer similar to that on Seaglider, Boss et al. (2008) find reasonable correlation for 3 yr of float observations in the Labrador Sea, albeit using a log-log relationship. On the basis of this agreement, they use satellite data to tune the absolute concentrations of Chl a measured with their APEX float sensor. In the present study off Washington, we used a linear correlation between satellite and Seaglider Chl a; agreement was moderate, r 5 0.40*. Although we find good relative agreement among our seven optical sensors, a concern is the tendency of data from specific sensors (i.e., numbers 2, 5, and 6) to fall either above or below the type II regression line for satellite vs. Seaglider Chl a (Fig. 6A) . If the sensors were unbiased, one would expect equal numbers of their observations to fall above and below the best-fit line. The a posteriori binomial probability that 9 of 10 observations for sensor No. 2, for example, would fall on one side or the other of the line is about 0.02. Because sensors are associated with particular periods of time, however, we cannot rule out that shifts in species composition differentially affect the satellite and inwater estimates. On the basis of our discussion of sensor comparison (above), we suspect but cannot verify that the variability lies more with satellite than Seaglider data.
A second issue is the large and systematic discrepancy between the two measures of Chl a. Median Chl a concentrations from Seaglider tend to be significantly higher than the corresponding satellite values, by a factor of about three (Fig. 6A) . The excitation wavelength currently used in most field fluorometers including the ECO-BB2F is 470 nm-a wavelength not absorbed by Chl a; rather, photosynthetic accessory pigments absorb 470-nm light and transfer the energy to Chl a. Differences between laboratory calibration and field phytoplankton in the relative concentrations of accessory pigments or quantum yields of fluorescence may be responsible for the discrepancy between Seaglider Chl a and both historical data based on extracts of Chl a and satellite Chl a. For all these reasons, including the odd distribution of points around the regression (Fig. 6A) , we report ''relative'' Seaglider Chl a concentration as determined from the factory calibration but caution that these concentrations are likely overestimates by an unknown magnitude (33). These differences argue for improved technologies to enable more comprehensive measurements on gliders.
Uncertainties in Chl a data-In summary, three levels of uncertainty are associated with interpretation of Chl a data.
(1) Conclusions regarding temporal and spatial patterns can be drawn with high certainty, such as for changes in timing of spring phytoplankton blooms and vertical distributions in response to annual cycles of stratification and destratification (Figs. 2, 3E) . (2) (Figs. 3E, 4B) . (3) On the basis of historical in-water data (Anderson 1969; Landry and Hickey 1989) and many years of satellite data (Sackmann et al. 2004 ) from the region, we conclude that Seaglider Chl a concentrations are too high (3X) despite factory calibrations and additional laboratory testing with cultures. Lacking both independent water samples to confirm Chl a concentrations and a robust regression between Seaglider and satellite Chl a (Fig. 6A) , we cannot correct absolute Seaglider concentrations with certainty (please see Challenges section, above).
Annual cycles and interannual variability from Seaglider observations-Over the four-plus years of observations the annual cycle follows the same general pattern:
(1) deep mixing in winter; (2) surface warming and onset of upper water-column stratification in spring; (3) development of a spring phytoplankton bloom; (4) decrease of surface phytoplankton in the month after the bloom; (5) evolution of subsurface Chl a and particle maxima; (6) development of a subsurface zone of oxygen supersaturation in summer; (7) deepening of the pycnocline in late summer and early autumn; and (8) destratification in the fall with subsequent mixing of phytoplankton throughout the upper water column (Figs. 2, 3) . In addition to the repeated annual cycle, interannual variability can be observed in five main features: (1) maximal depth of the wintertime pycnocline; (2) timing of transition to a shallow summertime pycnocline; (3) timing and magnitude of the spring bloom; (4) depth of the subsurface Chl a maximum; and (5) timing of onset of mixed-layer erosion in autumn and dispersion of the subsurface Chl a maximum.
Upper mixed-layer control by solar heating and coolingDensity in the upper water column is regulated by the annual cycle of solar heating and cooling, whereas the permanent pycnocline is more dependent on salinity (Fig. 3A-C) . The annual cycle, with an average annual temperature range of 8.5uC, is evident in both satellite measurements of SST and 0-10-m averaged temperatures from Seaglider. The coolest winter temperature sets a boundary condition for prebloom surface nitrate concentration. On the basis of the relationship between historical temperature and nitrate ,http://www.nodc.noaa. gov/OC5/indprod.html. for typical winter temperatures, average surface nitrate would be ,5 mmol kg 21 in winter (Sackmann 2007 (DFO 2007) are not reflected in our data (although our deepest winter pycnocline depths occurred in late 2006 and early 2007, which could have been due to the intense storm activity reported by DFO). For 4 yr of data, no secular trend in surface temperature is obvious despite the clear trend of deepening of the winter mixed layer (Fig. 4A) .
Gradual warming of near-surface waters occurred by April, although establishment of the shallow pycnocline and development of the spring bloom did not occur until later. As warming continued in spring, the deep winter pycnocline rapidly transitioned to a shallow summer pycnocline. The timing of this transition changed among years, but without consistent trend; the transition occurred between May and June in 2004 and 2006 and between June and July in 2005 (Fig. 4A) . Because the transition from deep to shallow pycnocline was not directly observed but occurred in the interval between our monthly samplings, we can assess neither how rapidly the transition occurred nor the extent of a lag between the transition and the bloom.
Timing of the spring bloom and development of subsurface maximum-In all years the spring pycnocline transition was accompanied by a surface bloom, manifested as a peak in both Chl a and particulate backscatter (Fig. 4C,E,F) . In most years, development of a subsurface bloom appeared to slightly precede development of the surface bloom. The subsurface bloom was a consequence of increased near-surface phytoplankton growth in spring as day length and total radiation penetrating the ocean increased, combined with redistribution of phytoplankton to deeper in the water column by mixing before shallowing of the pycnocline (Waniek 2003) . The exception to the precedence of the subsurface bloom was 2006, when transition to the summer pycnocline occurred early and allowed phytoplankton growth at the surface without deep mixing of biomass. Although the spring pycnocline transition was also early in 2004, the small reversal in pycnocline depth in February and March 2004 led to a small winter bloom (Fig. 4A,B) ; this increased phytoplankton biomass at the surface, redistributed by mixing, was likely responsible for the early subsurface bloom.
The 2007 spring bloom is a textbook example, with low pre-and postbloom Chl a concentrations and a steep rise in Chl a during the bloom. The apparently higher-thanaverage concentration of Chl a in this bloom may have been a consequence of the deeper winter mixing in 2007 before the bloom. In all years, the month after the bloom was characterized by a minimum in both Chl a and particulate backscatter at the surface as phytoplankton were grazed or sank out of the surface. In contrast, Chl a and particulate backscatter averaged to 100 m do not sharply decrease after the bloom, reflecting development of the subsurface layer.
As described by Anderson (1969) , after surface nutrients are depleted during the bloom, abundance of phytoplankton is reduced there, and light penetrates more deeply into the water column. Because development of the subsurface layer lags the surface bloom, interannual variability in the timing of the spring bloom also affects timing of development of the subsurface maximum. The subsurface Chl a and particle layer develops at the intersection of light and nitrate gradients. Phytoplankton abundance in this layer is maintained by in situ growth, with net primary production leading to oxygen accumulation and development of a zone of oxygen supersaturation (Fig. 3D,E) . Depths of the Chl a, particle, and oxygen-supersaturation layers are shallower than reported by Anderson from his observations in the 1960s. In our data, a 5-yr trend from September 2003 to December 2007 shows the depths of the subsurface maxima shoaling each year, although at this time we cannot identify the reason(s).
Autumn destratification and redistribution of the subsurface maximum-The duration of the subsurface Chl a maximum is a function of timing of both stratification and destratification. In May 2004, the spring transition was early and onset of destratification late, resulting in a longlived subsurface layer (Figs. 3E, 4A ), whereas in other years both spring and autumn transitions are either late (Fig. 2) . In September 2003 the pycnocline was still shallow, with a well-developed subsurface Chl a maximum just below the pycnocline. As the surface ocean cooled and mixed layer deepened, phytoplankton were mixed from the subsurface maximum and redistributed throughout the upper mixed layer. By November vertical distributions of Chl a were comparatively uniform above the pycnocline (Fig. 2B) . Surface Chl a increased from 0.4 in early September to 1.5 mg m 23 in late October, whereas average Chl a concentrations 0-100 m changed very little (both 1.0 mg m 23 in early September and late October; Figs. 2B, 4E).
The effect of mixing the subsurface phytoplankton all the way to the surface can be seen in ocean color satellite images (Fig. 5) . The early September image shows low Chl a at the dotted circle (Fig. 5A) , when the subsurface maximum was fully developed. The great optical depth of the subsurface layer rendered it inaccessible to detection by satellite remote sensing. From a surface perspective alone, the late October image (Fig. 5B ) suggests an autumn bloom; Seaglider data, however, show that the increase of Chl a at the surface was due primarily to vertical redistribution of phytoplankton from the subsurface maximum rather than to a temporal growth pulse.
Summary-Four years of Seaglider observations demonstrate the value of gliders in ocean observing and the capability to carry out multiyear fully autonomous operations. Gliders complement satellite remote sensing by filling in gaps due to cloud cover and by providing a vertical component to the surface-biased view. Gliders can replace ships for focused survey work and moorings for time-series measurement of basic variables. The V-shaped transect occupied by Seaglider provides valuable climatological data, but one lesson learned is that a pair of gliders operating during key periods would better resolve rapid physical transitions and biological responses, i.e., the kinematics of the spring transition. A second lesson learned is that sensors that can provide more comprehensive measurements will be necessary in the future to validate autonomous measurements of biogeochemical variables on lengthy missions and to reduce uncertainty in data interpretation. The technological challenge for gliders is how to increase energy budgets and sensor payloads; the scientific challenge is how best to interpret these simple optical measurements to better understand biological responses to ocean variability.
